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Low  temperature  tolerance  during  vegetative  growth  is  an important  objective  in rice  (Oryza  sativa  L.)
breeding  programs.  We  isolated  a novel  reduced  culm  number  mutant,  designated  reduced  culm  number11
(rcn11),  by  screening  under  low-temperature  condition  in  a  paddy  ﬁelds.  Since  the  shoot  architecture  of
the  rcn11  was  very  similar  to that  of  the rcn1,  we  examined  whether  RCN11  is  involved  in RCN1/OsABCG5-
associated vegetative  growth  control.  The  rcn11  mutant  has  no mutation  in the  RCN1/OsABCG5  gene
and  rcn11  has  no  effect  on  RCN1/OsABCG5  gene  expression.  In  the  rcn1  mutant,  RCN1/OsABCG5  was
upregulated  showing  that  RCN1/OsABCG5  is  controlled  by negative  feedback  regulation.  Absence  of
an effect  of rcn11  on RCN1/OsABCG5  feedback  regulation  supported  that  RCN11  is  not involved  inBC transporter
educed culm number
the  RCN1/OsABCG5-associated  transport  system.  A  genetic  allelism  test  and  molecular  mapping  study
showed  that  rcn11  is independent  of  rcn1 on  rice  chromosome  3 and  located  on  chromosome  8. The rcn1
rcn11  phenotype  suggests  that  RCN11  acts on  vegetative  growth  independent  of RCN1/OsABCG5. A  root
development  comparison  between  rcn1  and  rcn11  in young  seedlings  represented  that  rcn11  reduced
crown  root  number  and elongation,  whereas  rcn1 reduced  lateral  root  density  and elongation.  Thus,
rcn11  will  shed  new  light  on  vegetative  growth  control  under  low  temperature.. Introduction
Undesirable environmental conditions hamper plant growth
nd yield. Cold, heat, drought, and salinity are among major
biotic stresses that adversely affect plant growth and pro-
uctivity. In 1982, Boyer indicated that undesirable environ-
ental factors may  limit crop production by as much as
0% [1]. An FAO report stated that only 3.5% of global
and area is not affected by some environmental constraints
http://www.fao.org/docrep/010/a1075e/a1075e00.htm). The abi-
tic stresses will increase in the near future because of global
limate change, according to reports from the Intergovernmental
anel of Climate Change (http://www.ipcc.ch). These conditions
ould induce a wide range of plant responses, including altered
ene expression and cellular metabolism, retarded growth, and
educed yield. Low temperature is one of the most common envi-
onmental stresses affecting plant growth and development and
laces a major limit on plant productivity.
∗ Corresponding author. Tel.: +81 155 49 5477; fax: +81 155 49 5593.
E-mail address: kiyoaki@obihiro.ac.jp (K. Kato).
168-9452/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.plantsci.2013.06.011© 2013 Elsevier Ireland Ltd. All rights reserved.
Rice (Oryza sativa L.) originated in a tropical region and is one
of the most important staple food crops. Approximately 3 billion
people, nearly half the world’s population, depend on rice for sur-
vival. In many countries, rice accounts for more than 70% of the
human caloric intake. In Asia as a whole, much of the population
consumes rice at every meal. Transplanting is the most popular
technique across Asia for rice plant establishment. In temperate
regions, rice growth is constrained by the limited period that favors
growth, which occurs at optimum temperatures between 25 and
35 ◦C, below which growth abnormalities occur frequently. Low
temperatures during rice growth after transplanting are typical in
Hokkaido (42–45◦ N latitude), the northernmost region of Japan
and one of the northern limits of world rice cultivation. Thus, toler-
ance to low temperature during rice vegetative growth is one of the
most important objectives in rice breeding programs in this region.
A large number of rice mutants have been accumulated in
the course of breeding and provide a resource for molecular
and genetic studies [2,3]. To investigate the molecular basis of
vegetative growth under cool conditions, we  have screened in a
Hokkaido paddy ﬁeld several reduced culm number (rcn) mutants
showing reduced vegetative growth involving shoot and root
[4–10]. Although vegetative growth under low temperatures is
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n important trait for productivity in rice, few genes have been
loned to date. Using rice mutants, we have previously identiﬁed a
ovel ATP-binding cassette (ABC) transporter RCN1/OsABCG5 to be
ssential for vegetative growth under cool conditions [11]. We  here
eport a novel rice rcn mutant showing reduced vegetative growth
nvolving shoot elongation and branching and root development.
. Materials and methods
.1. Mutant screening
Screening of the new mutant under cool conditions in the rice
O. sativa L. ssp. japonica) cultivar ‘Shiokari’ genetic background
as performed using M2 progeny derived from 220-Gy gamma-
ay-irradiated ‘Shiokari’. The M2 progeny were grown in a paddy
eld at Hokkaido University at Sapporo (43.05◦ N), Hokkaido, Japan,
nd plants were screened for the rcn phenotype. Self-pollinated M3
eeds of each putative mutant were planted to conﬁrm the rcn phe-
otype in the subsequent generation. ‘Shiokari’, rcn1-2 (original line
Shiokari’) [7], and a new rcn mutant were grown in a paddy ﬁeld
t Hokkaido University in 2009 for measuring culm number, culm
ength, and panicle length of these plants.
.2. Characterization of root morphology
The root architecture of the new rcn mutant was characterized
t the young seedling stage along with ‘Shiokari’ and the rcn1-
 mutant. All seeds were surface sterilized and incubated in the
ark at 30 ◦C for 2 days to allow germination. Germinated seeds
ere transferred to plastic boxes (26 cm × 21 cm × 0.5 cm)  contain-
ng Murashige and Skoog (MS) medium [12] (without sugar, pH 5.8,
.3% agar) at 1/4 concentration and were grown under a regime of
6 h of light (350 mol/m2s) at 28 ◦C and 8 h of darkness at 24 ◦C.
he lower parts of the plastic boxes were covered with black paper
o keep the roots continuously in darkness. In 12-day-old plants, the
umber of leaves (leaf stage), shoot length, lengths of the seminal
nd crown roots, number of crown roots, and number and length
f lateral roots on the seminal root were recorded. The density of
he lateral roots on the seminal root axis was determined for each
lant by dividing the number of lateral roots by the length of the
eminal root. Lateral root lengths were measured with a ruler in
.5-mm increments.
.3. Inheritance of mutant characteristics, molecular mapping,
nd allelism test
To determine the inheritance mode of the rcn mutant, the seg-
egation of the phenotype in 432 F2 progeny derived from a cross
etween the rcn mutant and ‘Kasalath’ was investigated. Subse-
uently, to determine whether rcn is allelic to the rcn1 locus, the
egregation of the phenotype in 299 F2 progeny derived from a
ross between rcn and rcn1-1 (original line ‘Akamuro’) [4] was
nvestigated. Each F2 progeny was grown in plastic boxes (length
7 cm × width 42 cm × depth 17 cm)  under natural conditions at
he Obihiro University of Agriculture and Veterinary Medicine in
009.
To map  the rcn gene, 50 rcn homozygous F2 plants derived from
cn and ‘Kasalath’ were identiﬁed by an F3 progeny test in which
2 F3 plants derived from self-pollinated F2 plants were grown in
 paddy ﬁeld at Hokkaido University in 2010..4. Analysis of simple sequence repeats (SSR)
DNA was extracted from fresh leaves of each individual parental
ine and each progeny of the mapping populations. To assign thence 211 (2013) 70– 76 71
novel rcn gene to a rice chromosome, a set of 66 SSR markers, dis-
tributed over all chromosomes that were polymorphic between
the ‘Shiokari’ genetic background and ‘Kasalath’ [8], were used.
After chromosome assignment, the sequences of the SSR markers
in the target chromosomal region were obtained from Gramene
(http://www.gramene.org/). PCR products were separated on a
3–4% agarose gel and stained with ethidium bromide.
2.5. Linkage analysis
MAPMAKER 3.0 [13] was  used to perform linkage analysis
between the molecular markers and the rcn locus. An LOD score
of 3 was  used as the lower limit for accepting a linkage between
2 loci. The Kosambi mapping function [14] was used to convert
recombination fractions into map  distances.
2.6. Development of the double mutant
To investigate the genetic interaction between rcn and
rcn1, we developed the rcn rcn1 double mutant. The rcn1-
1 mutant was crossed with the new rcn mutant. The
rcn1-1 genotype was identiﬁed with a derived cleaved
ampliﬁed polymorphic sequence (dCAPS) marker using the
primer pair 5′-GATCGAGATGGGGGTGCTGACGAGT-3′ and 5′-
AGAAGATGGTGGCGAGGATGAAC-3′, followed by digestion with
HinfI [11]. The dCAPS primer introduced a HinfI restriction site
into the wild-type sequence. The rcn genotype was  identiﬁed with
2 SSR markers, Os08ssr0173000 (RM5891) and Os08ssr0176800
(RM23399), which ﬂanked the rcn gene in the mapping study.
To eliminate genetic background effects caused by the different
original lines ‘Shiokari’ and ‘Akamuro’, multiple F3 lines derived
from the self-pollinated F2 double mutants were used.
2.7. Phenotypic evaluation of double mutant
In the ﬁeld experiment, 9–23 plants per genotype of ‘Shiokari’,
rcn, ‘Akamuro’, and rcn1-1,  and 6–10 plants of each of 4 indepen-
dent F3 lines (rcn rcn1-1)  were grown in a paddy ﬁeld at Hokkaido
University in 2010. After ripening (at 153 days), height and culm
number of each plant were measured. The average and standard
deviation were calculated for each F3 line.
In a greenhouse experiment, 8–21 plants per genotype, of
‘Shiokari’, rcn,  ‘Akamuro’, and rcn1-1,  and 5–10 individuals of each
of 5 independent F3 lines (rcn rcn1-1) were grown in a greenhouse
without control of temperature and day length at Obihiro Univer-
sity of Agriculture and Veterinary Medicine in 2010. Each plant was
planted in a 3-l pot ﬁlled with soil compost with 1.2 g each of N,
P2O5, and K2O per pot. The plants were arranged at random and
re-randomized weekly to minimize positional effects. At heading
stage (107 days), plant height and culm number of each plant were
measured. We  calculated the average and standard deviation for
each F3 line.
2.8. Quantitative real-time PCR analysis of RCN1/OsABCG5
Total RNA was  extracted from shoot and root tissues using
TRIzol reagent (Invitrogen). After DNase treatment, ﬁrst-strand
cDNA was synthesized with Superscript III reverse transcriptase
(Invitrogen) with oligo dT primer. Quantitative real-time (qRT)-
PCR was performed using the reagents in the Superscript III kit for
reverse transcriptase reactions, iTaq SYBR Green Supermix with
ROX (Bio-Rad), and the primers for real-time PCR. Real-time PCR
for RCN1/OsABCG5 (accession number AK072135) was  performed
using the sense primer 5′-GCGTGAACGGGTTCTTCTAC-3′ and the
antisense primer 5′-TGACGAGCGAGATGTAGTGG-3′. Three inde-
pendent biological samples were used with speciﬁc primers for
72 A. Funabiki et al. / Plant Scie
Table 1
Plant morphology of ‘Shiokari’ and rcn1-2 and rcn11 mutants. Plants were grown
in  the paddy ﬁeld in 2009. Average ± SD (n = 2–10). Parentheses represent values
relative to ‘Shiokari’. Different letters represent signiﬁcant differences at the 5% level
by  Tukey’s multiple comparison test.
Genotype Culm length (cm) Panicle length (cm) Panicle number
b b b
e
k
w
p
C
w
3
3
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n
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t
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w
a
m
r
t
I
s
t
t
ﬁ
oShiokari 60.4 ± 3.0 (100) 14.0 ± 0.6 (100) 16.8 ± 2.3 (100)
rcn1-2 10.6 ± 6.6 (18)a 4.0 ± 1.0 (29)a 1.0 ± 0.0 (6)a
rcn11 14.6 ± 2.9 (24)a 4.9 ± 0.5 (35)a 1.8 ± 0.5 (10)a
ach gene. Data were normalized against the value of the house-
eeping control gene, and OsACT1 (accession number AK100267)
as used as a positive internal control and ampliﬁed using the sense
rimer 5′-TCATGAAGATCCTGACGGAG-3′ and antisense primer 5′-
ACGGTTCAACAACATCCAG-3′. Quantiﬁcation of cDNA samples
as performed in triplicate.
. Results
.1. Shoot architecture
The shoot architecture of the new rcn mutant (accession number
-96-61-2) was very similar to that of the rcn1-2 mutant in the
Shiokari’ genetic background at the ripening stage (Table 1). In the
ew rcn mutant, the culm and panicle lengths were reduced to 24%
nd 35% that of ‘Shiokari’ (P < 0.05). The panicle number of the new
cn mutant was severely reduced to 10% that of ‘Shiokari’, with less
han a single productive tiller occurring in rcn as in rcn1-2.
To characterize dwarﬁsm in rcn and rcn1-2,  the number of elon-
ated internodes and the internode lengths and elongation patterns
ere compared with those of ‘Shiokari’ (Fig. 1A and B). ‘Shiokari’
nd rcn1-2 developed a fourth internode, whereas the new rcn
utant developed a ﬁfth internode. Each internode elongation of
cn1-2 was reduced uniformly in comparison with ‘Shiokari’, and
he elongation pattern of rcn1-2 was classiﬁed as the dn type [15].
n the new rcn mutant, the upper (ﬁrst to third) internodes were
horter and the lower (fourth and ﬁfth) internodes were longer than
hose of ‘Shiokari’. In the elongation pattern of the new rcn mutant,
he ﬁrst internode was the most reduced, whereas the fourth and
fth were increased and the second and third were similar to those
f ‘Shiokari’. This pattern was classiﬁed as the nl type [15].
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Fig. 1. Internode length (A) and internode elongation patterns (B) of rice cultivarnce 211 (2013) 70– 76
3.2. Root architecture
The root architecture of 12-day-old rcn seedlings and the wild
type ‘Shiokari’ is shown in Table 2. rcn1-2 seedlings showed
signiﬁcantly shorter seminal and lateral roots and lower lateral
root density than ‘Shiokari’. Among the 3 root characteristics,
the most severe reduction was observed in lateral root devel-
opment in rcn1-2,  in which length and density were reduced to
16% and 53% those of ‘Shiokari’, respectively. The new rcn showed
signiﬁcant shortening of seminal, crown, and lateral roots and
reduced crown root number relative to ‘Shiokari’. Among the
3 root characteristics, the most severe reduction was  observed
in crown root development, whose number, length, and total
length were reduced to 65%, 58%, and 39%, respectively, those of
‘Shiokari’.
3.3. Inheritance of the new rcn phenotype
F1 plants of a cross between rcn and ‘Kasalath’ showed the wild-
type phenotype. In the F2 progeny derived from a self-pollinated
F1 plant, we  observed 298 wild-type and 118 rcn mutants, ﬁtting a
3:1 ratio (2 = 2.51, P = 0.11) and suggesting that the rcn phenotype
is inherited as a single recessive gene.
3.4. Sequence and expression analyses of RCN1/OsABCG5 in the
new mutant
Since the new rcn mutant phenotype was very similar to
that of rcn1, we speculated that rcn is allelic or involved in the
RCN1/OsABCG5-associated transport system. To conﬁrm that no
mutation occurred in the RCN1/OsABCG5 gene in the new mutant,
we obtained a 2364-bp nucleotide sequence containing the entire
coding region of RCN1/OsABCG5.  No mutation was found in this
genomic region in the new rcn mutant. To determine the effect of
the rcn mutation on the RCN1/OsABCG5 expression, we  then eval-
uated Rcn1/OsABCG5 expression in the shoot and root of ‘Shiokari’,
rcn1-2,  and rcn (Fig. 2). In rcn1-2,  RCN1/OsABCG5 was upregu-
lated 2- and 3-fold in the shoot and root, respectively, compared
with ‘Shiokari’. In contrast, the expression levels of RCN1/OsABCG5
in the shoot and root of the new rcn were similar to those of
‘Shiokari’.
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. ‘Shiokari’, rcn1-2, and rcn11. Plants were grown in the paddy ﬁeld in 2009.
A. Funabiki et al. / Plant Science 211 (2013) 70– 76 73
0
2
4
6
8
10
12
14
0
50
100
150
200
250(A) (B)
R
el
at
iv
e 
ex
p
re
ss
io
n
 o
f 
RC
N
1/
O
sA
BC
G
5 
to
 O
sA
C
T1
R
el
at
iv
e 
ex
p
re
ss
io
n
 o
f 
RC
N
1/
O
sA
BC
G
5 
to
 O
sA
C
T1
), resp
3
s
a
f
t
o
p
3
p
F
c
eFig. 2. Expression of RCN1/OsABCG5 relative to OsACT1 in shoot (A) and root (B
.5. Allelism test between rcn1 and the new rcn
In a cross between the rcn1-1 and new rcn mutants, the F1 plants
howed the wild-type phenotype. In the F2 progeny derived from
 self-pollinated F1 plant of the cross, the culm numbers ranged
rom 1 to 25 (Fig. 3), showing that both wild-type and rcn pheno-
ypes were segregated, producing transgressive segregation. Based
n this genetic allelism test, we concluded that rcn is a locus inde-
endent from rcn1, and designated it as rcn11..6. Molecular mapping
For molecular mapping of RCN11,  50 homozygous rcn mutant F2
lants were used. A total of 66 SSR markers were tested for linkage
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onditions at Obihiro University of Agriculture and Veterinary Medicine in 2010. Data w
ach  line. Arrows indicate the range of each line.ectively. Vertical bar represent the average and error bars represent SE (n = 3).
to RCN11 and linked markers were found on the long arm of rice
chromosome 8. RCN11 co-segregated with Os08SSR0175800 and
mapped to a 125-kb region between Os08SSR0175300 (RM3452)
and Os08SSR0176700 (RM23398).
3.7. Phenotype of rcn1 rcn11
The phenotype of each genotype after ﬂowering is shown in
Fig. 5A and B, and Table 3. ‘Akamuro’ was  higher plant and lower
tillering in comparison to ‘Shiokari’ in the both conditions showing
2 varieties harbor the distinct genetic background. To eliminate the
effects of the genetic background on plant height and tillering, we
tested 5 and 4 independent lines in the greenhouse and paddy ﬁeld
experiments, respectively. In the greenhouse experiment, rcn1-1
14 15 16 17 18 19 20 21 22 23 24 25 26
(n 299)
r
 and rcn1-1.  Plants were grown in plastic boxes ﬁlled with ﬁeld soil under natural
ere collected 45 days after transplanting. Triangle arrows indicate the average of
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Table 3
Plant height and culm number of ‘Shiokari’, the rcn11 mutant (originating in line
‘Shiokari’), ‘Akamuro’, the rcn1-1 mutant (originating in line ‘Akamuro’), and the
rcn11 rcn1 double mutant. Plants were grown under 2 different conditions, in the
greenhouse without temperature or day-length control at Obihiro University of Agri-
cultural and Veterinary Medicine and in the paddy ﬁeld at Hokkaido University.
Both experiments were performed in 2010. Phenotype data were collected at 107
days in the greenhouse and 153 days in the paddy ﬁeld. Different letters represent
signiﬁcant differences at the 5% level by Tukey’s multiple comparison test.
Growth condition Genotype Plant height (cm) Culm number
Greenhouse Shiokari 99.8 ± 6.7c 58.9 ± 10.1d
rcn11 79.7 ± 3.5b 26.0 ± 6.9b
Akamuro 112.0 ± 7.4d 39.9 ± 6.2c
rcn1-1 92.4 ± 11.0c 19.3 ± 6.5b
rcn11 rcn1-1 61.4 ± 7.1a 8.8 ± 3.1a
Paddy ﬁeld Shiokari 84.0 ± 6.2c 17.1 ± 5.5c
rcn11 45.2 ± 7.5b 1.8 ± 1.0a
Akamuro 97.0 ± 5.0d 9.5 ± 2.3b
b arcn1-1 50.4 ± 6.8 1.6 ± 0.7
rcn11 rcn1-1 24.2 ± 5.0a 1.0 ± 0.0a
reduced plant height to 83% that of the original line ‘Akamuro’ and
rcn11 reduced it to 80% that of the original line ‘Shiokari’. rcn1 rcn11
reduced plant height to 65% of rcn1-1 and 77% of rcn11, respec-
tively. rcn1-1 reduced culm number to 48% that of ‘Akamuro’ and
rcn11 reduced culm number to 44% that of ‘Shiokari’. rcn1 rcn11
reduced culm number to 46% of rcn1-1 and 34% of rcn11. In the
paddy ﬁeld experiment, rcn1-1 reduced plant height to 52% that of
‘Akamuro’ and rcn11 reduced plant height to 52% that of ‘Shiokari’.
rcn1 rcn11 reduced plant height to 48% that of rcn1-1 and 53% that of
rcn11. rcn1-1 reduced culm number to 17% that of ‘Akamuro’ and
rcn11 reduced culm number to 11% that of ‘Shiokari’. rcn1 rcn11
reduced culm number to 63% of rcn1-1 and 56% of rcn11.  Further-
more, the root growth of both rcn mutants was markedly lower
than that of either original line in the paddy ﬁeld (Fig. 5B), and the
rcn1 rcn11 mutant showed lower root development than either sin-
gle mutant. The reduced vegetative growth of the double mutant
in comparison to each single mutant across the 2 distinct envi-
ronmental conditions demonstrates that rcn11 acts independent of
rcn1 on vegetative growth.
The 2 varieties showed very similar plant height and culm num-
ber responses to greenhouse and paddy ﬁeld conditions. In the
paddy ﬁeld, ‘Shiokari’ showed reduction in plant height and culm
number to 84% and 29%, respectively, of their greenhouse values
and ‘Akamuro’ showed corresponding reductions to 87% and 24%.
The response of the 2 rcn mutants was more marked for both traits.
The rcn1-1 mutant showed reduction in plant height and culm num-
ber in the paddy ﬁeld to 55% and 8%, respectively, of the greenhouse
values. The rcn11 mutant showed corresponding reductions to 57%
and 7% and rcn1 rcn11 showed reduction to 39% and 11%. Thus,
rcn11 affects plant height and tillering in response to environment
in a manner similar to rcn1 and independent of rcn1.
O
s0
8s
sr
02
05
00
0
O
s0
8s
sr
01
41
60
0
O
s0
8s
sr
01
53
70
0
O
s0
8s
sr
01
63
20
0
O
s0
8s
sr
01
70
50
0
O
s0
8s
sr
01
73
00
0
O
s0
8s
sr
01
74
30
0
O
S0
8s
sr
01
75
30
0
rc
n1
1
O
s0
8s
sr
01
75
80
0
O
s0
8s
sr
01
76
70
0
O
s0
8s
sr
01
76
80
0
O
s0
8s
sr
01
77
70
0
O
s0
8s
sr
01
81
40
0
O
s0
8s
sr
01
81
70
0
O
s0
8s
sr
01
84
00
0
O
s0
8s
sr
01
87
50
0
O
s0
8s
sr
01
92
80
0
7.2 4.0 3.0
1.0
3.0 2.0 2.0
1.0
2.0 2.0 2.0 2.0
1.0
(cM)
Fig. 4. Molecular linkage map  of rcn11 on rice chromosome 8. Fifty rcn11
homozygous F2 plants of the cross between rcn11 (accession number S-96-61-
2)  and ‘Kasalath’ were used for the present mapping. rcn11 co-segregated with
Os08ssr0175800 and was located between Os08ssr0175300 and Os08ssr0176700.
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oig. 5. Shoot architecture of ‘Shiokari’, rcn11 (originating from line ‘Shiokari’), ‘Aka
A).  Root development of rice ‘Shiokari’, the rcn11 mutant, ‘Akamuro’, the rcn1-1 
epresent 20 cm and 10 cm in a and b, respectively. Plants were grown in the paddy
. Discussion
To establish the molecular basis of rice breeding for improve-
ent in vegetative growth under cool conditions, we have screened
everal rice rcn mutants showing reduced vegetative growth in the
orm of dwarf stature and low tillering in paddy ﬁelds in Hokkaido,
he northernmost part of Japan [4–10]. In the present study, we iso-
ated a novel mutant (accession number S-96-61-2), designated as
cn11, showing multiple aberrant phenotypes, including reduced
ulm number, culm length (plant height), panicle length, semi-
al root length, crown root number, crown root length, and lateral
oot length (Table 1 and Fig. 1). Among these characteristics, plant
eight and tillering were more severely reduced in the paddy ﬁeld-
rown plants than in the greenhouse-grown plants. We  previously
eported a similar mutant in rice, rcn1, with a single nonsynony-
ous substitution in the RCN1/OsABCG5 gene [11], resulting in
ultiple aberrant phenotypes with markedly reduced plant height
nd shoot branching [4,6,7], root branching [10], and late ﬂow-
ring [9]. Shoot branching and plant height were more severely
educed under 15 ◦C water treatment [4]. Lateral root branching
as signiﬁcantly reduced in rcn1 under conditions of nutrient limi-
ation, whereas that of the wild type was unaffected [10]. Flowering
as also more than 40 days later than that in the wild type under
utrient-limited conditions [9]. Although the novel rcn11 conferred
 shoot architecture very similar to that of rcn1, the nucleotide
equence, a molecular mapping study, and a genetic allelism test
howed that rcn11 was independent of rcn1. It should be note that
cn11 plants exhibit a growth retardation even in the greenhouse
nd the optimal growth condition, it maybe possible that it is rather
nvolved in a general metabolic regulation, thereby resulting in a
utation whose phenotype is more pronounced under subopti-
al  growth conditions, including low temperature. In the future
tudy, it needs to test this possibility by the comparison among the
cn11 plants growing under other stress conditions such as drought,
alinity, heat, and nutrient deﬁciency.
As in the case of RCN1/OsABCG5, half-size ABCG proteins must
nteract with another ABCG protein as a homo- or heterodimer
o function as a transporter [16,17]. The RCN1/OsABCG5 protein
ould thus require dimerization to function. In the rice genome,
here are 30 half-size ABCG genes [18] distributed on 11 of the 12
ice chromosomes [19]. Since the plant growth of rcn11 was very
imilar to that of the rcn1 mutant, we speculated that RCN11 is an
CN1/OsABCG5-associated half-size ABCG protein. However, none
f the 30 half-size OsABCG genes lies at the RCN11 map  position’, rcn1-1 (originating from line ‘Akamuro’), and rcn11 rcn1-1 in 107-day-old plants
t, and the rcn11 rcn1-2 double mutant 70 days after transplanting (B). Scale bars
of Hokkaido University in 2010.
([19], Fig. 4). We  then considered the alternative possibility that
RCN11 is involved in the regulation of RCN1 gene expression. As
shown in Fig. 2, rcn11 had no effect on RCN1/OsABCG5 expression
in shoot and root. The present study revealed that RCN1/OsABCG5
was upregulated in rcn1, showing that RCN1/OsABCG5 is controlled
by negative feedback regulation (Fig. 2). This result suggested
that normal function of RCN1/OsABCG5 is required to main-
tain RCN1/OsABCG5 mRNA at a low level. If rcn11 affects the
RCN1/OsABCG5-associated transport system, RCN1/OsABCG5 might
be upregulated in the rcn11 mutant. However, rcn11 had no effect
on RCN1/OsABCG5 feedback regulation.
Although rcn1 and rcn11 resulted in poor shoot and root growth
under low temperatures in the paddy ﬁeld (Table 1 and Fig. 5),
the effects of each rcn on the root development of young seedlings
under optimum condition and their culm elongation patterns in
the paddy ﬁeld were different (Table 2 and Fig. 1). As reported
previously [10], the rcn1 mutant showed severe reduction in lat-
eral root length and density. In addition to shortening lateral roots,
rcn11 markedly reduced crown root number and length. It remains
to be determined whether the poor shoot growth is mediated by
reduced crown root growth in rcn11 under low temperatures in
the paddy ﬁeld. We  conclude that RCN1/OsABCG5 and RCN11 regu-
late root development differentially. Both rcn mutations shortened
culm length to around 20% that of ‘Shiokari’ (Table 1). rcn1 reduced
all internode lengths, showing that RCN1 acts on culm elongation
at all internode elongation stages. In contrast, rcn11 decreased the
length of the ﬁrst to third upper internodes but increased the fourth
and ﬁfth lower internodes, suggesting that the direction of control
by RCN11 is stage-dependent, with positive control at an early stage
and negative control at a later stage.
We  conclude that RCN11 regulates vegetative growth indepen-
dent of the RCN1/OsABCG5-associated vegetative growth pathway
under low temperatures. Molecular characterization of RCN11
would shed light on rice vegetative growth under low tempera-
tures in the paddy ﬁeld. Positional cloning of RCN11 is in progress
in our laboratory.
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